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I 
On the mechanism of frost resistance in living Organisms a riumber of studies 
have been made. In these researches, however, the presented evide.nces for the 
conclusions very frequently did not exclude other interpretations. Besides, there 
were usually found many difficulties in applying their conclusions to various 
organisms other than to a limited number of materials actually used by the authors. 
It has been well known that there are clear discrepancies between the hypotheses on 
frost resistance by botanists and by zoologists or medical biologists.'' The 
pointing out o~ s~me common principles in freezing process and frost injury of 
both animals arl:d plants may, therefore, be useful in a -consideration of the various 
items of evidence on which these hypotheses are based. In the Institute. of Low 
Temperature Science at the Hokkaido University, the mechanism of frost resistance, 
based on actual observations of freezing proCess in a Variety of organisms, has 
been under investigation for many years. The following is our summarized veiw 
on this problem. As the great complexity of the entire individual animal or plant 
which is very apt to lead to the death of itself as a result of frost injury to a single 
tissue, in this brief paper the frost resistance of individual living cells will mainly be 
discussed. 
II 
In most cases, super cooling of living organisms for a short period of time 
brings about no harmful effect. Overwintering cold-blooded animals and plants 
can survive super cooling even for several hundred days or more. A certain type 
of protoplasm of animal or plant especially in very active stage of growth, however, 
·is very susceptible to low temperature itself. Now it has been well ascertained 
that in a variety of living cells frost injury is brought about only by actual ice 
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formation either inside or outside. 
Extracellular freezing dif:(erent in degree occurs in every case of freezing in 
an organism, while intracellular freezing, if any occurs, takes place subsequent to 
the extracellular freezing especially at a climatic low temperature. 
Regarding intracellular freezing I described two modes of ice formation, 
that is, the formation of large rosette- or fern-like ice crystals and "flashing."'''' 
At the temperatures near the "freezing temperature" of cell interior, ice slowly 
develops to a large mass within a cell as a rosette-type" crystal. In such a case 
the process of injury seems to be a precipitation reaction5l or a vacuolization 
brought about by the penetration of -large ice. crystals into the protoplasmic 
structure. In a rapid cell freezing or "flashing" which occurs at a considerably 
super cooled state of the cell interior, the process is an instantaneous formation of 
numerous minute ice crystals throughout the whole cell.'' Consequently, a 
mechanical stress due to ice crystallization accompanied by a strong dehydration 
at an extraordinarily rapid rate that occurs in every locus among the fine 
architecture of the protoplasm may be the main cause of frost killing. Soon after 
"flashing" destroyed protoplasm begins to reset a stable structure of dark granular 
appearance which is clearly different to "pale cytolysis"•> resulted from the 
vacuolization by slow freezing. My observations in various plants and animals 
revealed that an appreciable amount of ice formation within the cell invariably 
resulted in the death of itself at least at a climatic low temperature.'''''' 
In extracellular freezing, on the other hand, the degree of frost injury in a 
cell is." as a rule, correlated to the degree of low temperature to which the cell is 
exposed and also to the length of time frozen. As the frost increases, cells undergo 
a dehydration and contraction due to the growth of the outside ice mass. The 
freezing cell is, however, dehydrated through an intact surface layer and membrane. 
In such a case, therefore, the rate and probably the degree of dehydration from the 
cell is certainly far lower than that in intracellular freezing even at the same 
temperature. When such dehydration exceeds a certain limit, an irreversible 
coa~ulation takes place in the protoplasm of the freezing cell.'' In unfertilized 
egg cells of sea urchin only at temperatures below -20°C extracellular freezing 
does cause death within a short period of time provided they are cooled slowly,'' 
while intracellular freezing instantly kills them even when it takes place at 
-4°C.'' 
It follows, therefore, that the prevention· of intracellular freezing is quite 
necessary to preserve life in frozen state. When an organism is subjected to 
freezing, naturally or artificially, as a rule, ice at first forms outside of the cells. As 
'the cooling proceeds, the ice on the cell surface withdraws water from the cell 
interior because of the difference in chemical potential between the ice and 
super cooled solution within the cell. 3 l In many caseS especially in animal tissue 
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the osmotic gradient, produced by the growth of ice, between the solutions within 
and without the cell plays an intermediate role in dehydr~ting the cell. In such 
a process, if the cell surface is promptly cooled down far below the freezing point, 
the water molecules within the living protoplasmic system: can be caused to arrange 
as an ice crystal by seeding ice from outside.sl At least at a climatic low tempera-
ture this is the most com:non way of the initiation of intracellular feezing. But 
if the temperature at the cell surface is kept only a few degrees below the freezing 
point the water within the protoplasmic system can not crystallize even if it is in 
an intimate contact with ice. The outside ice mass only grows by withdrawing 
water from the cell untilmost of the easily freezable water at a given temperature 
is lost. 8 l Consequently, when the cell comes in contact with ice, every jactor 
which can reduce the rate of cooling at the cell surface is very effective to prevent 
an intracellular freezing. One can find in natural organisms a variety of 
beneficial factors existing for this purpose : initiation of freezing of the outside 
medium by natural ice seeding at a high temperature, initiation of freezing of a large 
amount of body fluid previous to cell freezing, a high permeability of cell to water, 
and so on. Besides, body fluid in most of animals is a solution of highly hygro-
scopic substances. In such a solution when freezing takes place a layer of con-
centrated solution advances ahead of the ice front and effectively disturbs the 
intimate contact of ice with cell surface. In addition, the ice formed in the 
concentrated solution grows very slowly and is very apt to have a large discoid 
shaped front.•> ·These phenomena are very efficient to prevent ice seeding into 
the cell. This'' explanation can safely be applied for the pronounced protective 
effect of the glycerolated medium against frost damage in rapidly cooled cells, in 
which most of the frost killing occurs promptly during the first few minutes after 
· freezing .101 
Very recently against the veiw that intracellular freezing is invariably fatal, 
some reports have begun to appear. SaltuluJ reported the survival of some 
insects after intracellular freezing with or without glycerol. It seems, however, 
uncertain whether the cell intracellularly frozen and thawed is actually alive. · So 
far as our experiments in a variety of living cells are concerned, no cells survived 
intracellular freezing regardless of their containing any protective substance. 
Moreover, the larger frost injury in rapidly frozen cell suspension than in slowly 
frozen one is much better explained by the easy occurrence of intracellular freezing 
than by any other interpretations of frost injury.'' 
III 
On tlie cause of death by extracellular freezing a number of theories have 
been expounded. At present, however, only a few of them remain tenable as 
reasonable statements. Of these the salt injury theory seems to be supported by 
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workers on mammalian erythrocytes13'14 ' and also by some German botanistsi6llsJ 
although their explanation of the mechanism of injury is not uniform. According 
to this theory the dominant lethal factor during freezing is the increasing· con-
centration of electrolites both inside and outside the cell."' Applying this theory, 
Lovelock neatly explained the protective action of neutral solutes against frost 
injury in blood cells suspended in salt solution.lsllol In his work, the solutes. 
that penetrated well into the cell gave complete protection if sufficient quantity 
was present (2.5 M). Those that penetrated poorly gave slight protection. No 
protection was afforded by the non'penetrated solutes. In plant cells, however, it 
has long. been known that the immersed cells in a solution of non-penetrating solutes, 
in which cells undergo plasmolysis, can survive a severe freezing and a following 
rapid thawing. 20 ' 21 ' Besides, some cells of both animal?! and plant21 l can resist 
extracellular freezing better in salt solution of NaCl or CaCI, than in water. 
Levitt'' recently criticized Lovelock's salt injury theory and presented a ne\v 
mechanical theory of frost injury which is not the same as the older theory of 
injury due to the pressure of ice. Levitt explains frost injury on the basis of the 
stress that arises in the protoplasm as a result of the cell contraction and subsequent 
expansion during extracellular freezing and thawing. This seems to be most 
successful in the case of plant cells rather than of animal ones which are very 
resistant to rapid thawing. According to Sakai, who has exmained the frost 
resistance of the cabbage cell immersed in media of extensive varieties of solutions, 
the injury seems to occur at the surface of the freezing cell rather than in the inside 
of the cell"'· Even in plant materials, some very hardy cells are found to be 
never protected by a non-penetrating solute like sucrose. 21 l 22 l On the other hand, 
at least in a certain animal cell the penetrated solutes such as glycerol and ethylen 
glycol are not proved to protect against frost injury.'' In short, there has not 
yet been found any hypothesis of frost injury which can be generally applied both 
to various animals and plants. Besides upon freezing, these two injurious 
processes, the contraction of the cell and the concentration of solutes both outside 
and inside always takes place at the same time. It is therefore very difficult to 
distinguish the effect of any one factor from that of another in the injnred cells. 
Because of the increased tonicity within the cell the remarkable protective effect 
of some penetrated solutes against frost injury is as well explained by the mecha-
nical theory as by the salt injury theory. There is, however, no reason to believe 
that the main cause of frost injury is quite the same in most of living cells. 
Frost killing after a comparatively long period of extracellular freezing may 
probably be attributable to some unbalance in the cell metabolism. So far as a 
preliminary experiment on freezing preservation of an overwintering· insect is 
concerned, the preservation at -IO'C was more difficult than that at .,-20'C."' 
Except the last case, every statement made above points to that the frost 
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injury by extracellular freezing is brought about as a result of dehydration from 
the freezing cell. It is therefore reasonable to suppose that ~very factor which can 
reduce such a dehydration in the cell would be, as a rule, effective to reduce 
injury at freezing. In nature, too, some very effective changes to this purpose 
developing in various overwintering organisms have been found. The best 
exmaples are the increase in glycerol content in insects 24 l 26 l and that in sugar 
content in cortical cells ot' woody plants. 26 l However it is also demonstrated in 
some insects that the only increase in such a protective substance does not always 
enhance the ability to resist freezing. 27 l · In addition a variety of animal cells can 
tolerate extracellular freezing at a temperature at least down to -!S'C without 
any solutes known as protective additives.''"' Now it seems very probable that 
some living cells in which a certain protoplasmic condition has well been established 
can survive freezing and that only in such cells the protective substance such as 
polyols or sugars may be effective in ~ncreasing their frost resistance. 
SUMMARY 
Based on the direct observation of the freezing process in a wide variety of 
animals and plants, some common principles in cell freezing and frost injury were 
outlined. Intracellular freezing is considered invariably fatal to living cells, while 
extracellular freezing can be tolerated if not too severe or prolonged. To tolerate 
extracellular freezit:tg ~n establishment of a certain protoplasmic condition in the 
cell seems to be necessary and only in such a cell may some protective substance 
be effective in i'~creasing frost resistance. 
REFERENCE 
1) LEVITT, J ., 1958. Frost, Drought and Heat Resistance (Protoplasmatologia VIII), 
Wien. 
2) AsAHINA, E., 1953. Low Temp. Sci., 10, 81-92. (In Japanese) 
3) AsAHINA, E., 1956. Contr. Inst. Low Temp. Sci., 10, 83-126. 
4) LUYET, B. J. and RAPATZ, G., 1958. Biodynamica, 8, 1-80. 
5) HEILBRUNN, L.V., 1928. The Colloid Chemistry of Protoplasm, Berlin. 
6) LoEB, ]., 1906. Arch. f. d. ges. Physiol., 113, 487 (from Ref. 5. p. 239) 
7) AsAHINA, E., 1961. unpublished work 
8) AsAHINA, E., 1961. Nature, 191, 1263-1365. 
9) AsAHINA, E., AoKI, K. and SHIN OZAKI, J ., 1954. Bull. Ent. Res., 45, 329-339. 
10) LOVELOCK, }.E. and POLGE, C., 1954. Biochem. }., 58,618-622 
11) SALT, R.W., 1959. Nature, 184, 1426. 
12) SALT, R..W., 1961. Can. J. Zoo!., 39, 349-357. 
13) SMITH, A.U., 1954. Effect of Low Temperatures on Living Cells and Tissues (Biological 
Application of Freezing and Drying. Edited by R.I.C. Harris.) N.Y. 
14) MERYMAN, H.T., 1956. Science, 124, 515-521. 
15) ULLRICH, H. and HEBER, U., 1957. Planta, 48, 724-728. 
16) ULLRICH, H. and HEBER, U., 1958. Planta, 51, 399-413. 
256 :E: ASAHINA : 
17) LovELOCK, J.E., 1953. Bioch. BiO:ph. Acta, 10, 414-426. 
18) LOVELOCK, J.E., 1953. Bioch. Bioph. Acta, 11, 28-36. 
19) LOVELOCK, J ,E., 1954. Biochem. J ., 56, 265-270. 
20) ILJIN, W.S., 1933. Protopolasma, 20, 105-124 
21) SAKAI, A., 1961. Low Temp. Sci. B, 19, 1-4. (In Japanese) 
22) TERUMOTO, 1., 1960. Low Temp. Sci. B, 18, 43-50. (In Japanese) 
23) ASAHINA, E., 1955. Zool. Mag. {Tokyo,), 64, 280-285. (In Japanese) 
24) SALT, R. W., 1959. Can. J. Zoo!., 37, 59-69. 
25) TAKEHARA, I. and AsAHINA, E., 1960. Low Temp. Sci. B, 18, 51-56 (In Japanese) 
26) SAKAI, A., 1957. Low Temp. Sci. B, 15, 17-29 (In Japanese) 
27) TAKEHARA, I. and ASAHINA, E., 1960. Low T~mp. Sci. B, 18,57-65 (ln. Japanese) 
